Orderly progression through the cell cycle requires the orchestration of growth-promoting and -restraining signals. The cyclin-dependent kinases (cdks) are believed to constitute some of the most important factors driving proliferation of eukaryotic cells (40) . These proteins function by phosphorylating substrates required to effect each transition through the cycle. The growth-promoting influences of the cdks are counterbalanced by two groups of cdk inhibitors (CKIs), which include at least seven members. One group includes p21 (also known as WAF1/Cip1), p27 (Kip1), and p57 (Kip2), while the second group is comprised of p15, p16, p18, and p19 (also known as INK4 proteins; reviewed in reference 36). These low-molecular-weight inhibitors were classified based on sequence homology and the kinases inhibited by each. The first group is thought to bind primarily to those kinases involved in G 1 and S phase progression (i.e., kinases associated with cyclins A, D, and E), while the second group exclusively inhibits kinases associated with cyclin D.
The retinoblastoma tumor suppressor (pRB) and the related proteins p107 and p130 comprise another class of proteins involved in limiting cell cycle progression. pRB is thought to control entry into S phase in part by repressing the activity of E2F, a transcription factor known to promote proliferation (40) . Another member of the pRB family, p107, regulates cell cycle progression by at least two distinct mechanisms (38, 42) . p107 can also inhibit the activity of the E2F transcription factor (34, 45) . In addition, p107 can interact with the cdks cyclin A-cdk2 and cyclin E-cdk2 through a second domain independent of the one required for E2F binding (42) . p107 forms stoichiometric complexes with these kinases and E2F in a temporally defined manner, with the p107-cyclin E-cdk2 complex appearing in late G 1 phase and p107-cyclin A-cdk2 appearing later in S phase (3, 29, 37) .
Biochemical and structural studies have identified an amino acid sequence in the spacer region of p107 required for binding cyclins (43) , and related sequences have been found in other cyclin-binding proteins. This short sequence motif, termed the LFG motif for the residues important for the interaction, was initially identified in the p21-p27-p57 family of mammalian and Drosophila CKIs (9, 27) , and structural studies have established the importance of this motif in p27-cyclin A interactions (33) . A similar sequence was noted in the spacer region of p130, and a related, but nonidentical, sequence was identified in the E2F family of transcription factors (1, 25, 26) . Interestingly, this E2F sequence is necessary and sufficient for conferring cyclin A-cdk2 binding to certain members (E2F-1, -2, and -3) of this transcription factor family but not others, resulting in their phosphorylation and inhibition of activity (14) .
Previously, we showed that in vitro reconstitution of stoichiometric complexes containing either p107 or p130 and cyclin A-cdk2 or cyclin E-cdk2 resulted in the loss of kinase activity directed toward an exogenous substrate, histone H1 (41) . Interestingly, endogenous p130-kinase complexes isolated from human cells exhibited similar properties, and we could distinguish two cellular p130-cyclin-cdk2 complexes that lacked and contained associated E2F activity.
In this study, we have begun to address the mechanism by which p107 regulates the activity of associated cdk2 in vivo and in vitro. We have surveyed cells lacking p107 and the related p130 protein and found that the total kinase activity associated with cdk2 increases in these cells, and in complementary experiments modest increases in p107 expression in human cells significantly decreased endogenous cdk2 activity. By several biochemical criteria, we show that p107 can act as a bona fide CKI with an inhibitory constant (K i ) similar to that of p21/ WAF1. Although p107 is a strong substrate for cyclin A-cdk2, cyclin D-cdk4, and cyclin E-cdk2, the ability to dissect regions of the protein that function as efficient substrates but not inhibitors suggests that inhibition does not occur simply by a preferred-substrate mechanism. In distinguishing between cyclin-cdk2 substrates and inhibitors, our experiments also point to a major difference between p107 and its relative pRB: while the former is an effective inhibitor in vitro, the latter is not. Through systematic mutagenesis of p107, we define a previously uncharacterized portion of p107 that can inhibit both cyclin A-cdk2 and cyclin E-cdk2. Interestingly, this region of p107 contains a sequence related to other cyclin-binding domains, and we show that in some settings, it is required in vivo for growth suppression. These findings prompt a comparison with the CKI p21, which also inhibits cdk activity through dual cyclin-binding sites.
MATERIALS AND METHODS
Cell lines and transfections. The human osteosarcoma cell line Saos-2 and cervical carcinoma C33A were obtained from E. Harlow. Transfections, nocodazole treatment, and fluorescence-activated cell sorter (FACS) analysis were performed essentially as described previously (42) . Briefly, for C33A transfections, cells were transfected with 2 g of cytomegalovirus (CMV)-CD20 and 23 g of each p107 or p130 expression plasmid (except for the p130AA and p130AAA mutants, in which case 11.5 g of DNA was used), unless noted otherwise, by standard calcium phosphate methods. After 12 to 14 h, precipitates were removed and cells were washed twice with phosphate-buffered saline and allowed to incubate further for 24 h. Cells were then treated with 40 ng of nocodazole per ml for an additional 12 h and harvested for FACS and Western blot analyses. CD20-positive cells were analyzed with a FACScan (Becton Dickinson) equipped with CellQuest and ModFit software. Data are presented as averages from at least three separate transfection experiments.
Plasmids and peptides. Deletion and point mutageneses were carried out by PCR. Construction of the p107⌬SA mutant involved digestion of CMV-p107 with SphI and AccI, creation of blunt ends with T4 polymerase, and ligation. To create an expression vector for ⌬10N protein containing the first 409 amino acids of p107, a BamHI-DraIII fragment was excised from CMV-p107⌬10, T4 DNA polymerase blunted, and subcloned into BamHI-EcoRI-digested, Klenow polymerase-blunted pGEX-KG. ⌬10NAAA was made by replacing an EagI-BsmI fragment from pGEX-KG-⌬10N with the corresponding one from CMVp107AAA. All mutations were confirmed by DNA sequencing. Oligonucleotide sequence information and details for plasmid construction are available upon request. The glutathione S-transferase (GST)-p53 expression plasmid was a gift of H. Lu.
The following p107 peptides were synthesized: p107N (ACRKSIIPTV), p107N-mut (AAAASIIPTV), and p107S (SAKRRLFGED). All peptides were synthesized by Research Genetics, Inc.
Antibodies. Polyclonal antibodies against p107 (C-18), cyclin A (H-432), cdk2 (M2), and p130 (C-20) were obtained from Santa Cruz Biotechnology, and anti-influenza virus hemagglutinin (HA) antibody 12CA5 was obtained from Berkeley Antibody Co. Monoclonal antibodies against cyclin E (HE12) and p107 (a mixture of SD2, -4, -6, and -9 used for immunoprecipitations or SD9 used for Western blotting) were provided by N. Dyson and E. Harlow. For immunoprecipitations that were followed by Western blotting, antibodies were first coupled to protein A-Sepharose by standard methods (20) .
Recombinant protein production. p107, N385, and pRB were purified to near homogeneity by chromatography over an affinity column bearing amino acid residues 20 to 29 of human papillomavirus E7 as described previously (13) .6], 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% Tween 20, 5 mM ␤-mercaptoethanol, and 0.2 mM PMSF) was used instead of 0.1 HMGNB. p21 was produced in bacteria and purified as described previously (43) .
Purification of GST-tagged proteins. GST-tagged recombinant ⌬10N and p53 were overproduced and purified as follows. After a 1-h induction with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 37°C, bacteria were pelleted, washed once in phosphate-buffered saline, and sonicated in 0.1 HEMGNDP buffer containing 5 g of leupeptin per ml and 5 g of aprotinin per ml. Following sonication, lysates were precleared by centrifugation, and the resulting supernatants were incubated with glutathione-agarose for 1 h at 4°C. After extensive washing with 0.1 HEMGNDP, the proteins were eluted with elution buffer (100 mM Tris [pH 7.9], 120 mM NaCl, 7 mg of glutathione per ml, 1 mM DTT, and 0.2 mM PMSF). Proteins eluted from the glutathione-agarose beads were subsequently dialyzed against 0.1 HEMGNDP. GST-cyclin A-cdk2, GSTcyclin E-cdk2, and GST-cyclin D-cdk4 complexes were produced in insect cells by previously described methods (13, 14, 41) . These complexes were purified as for all other GST-tagged proteins. Baculoviruses encoding HA-tagged cdk2 and GST-cyclins were generously provided by D. Morgan, W. Harper, and H. Piwinica-Worms.
In vitro kinase assays. For kinase inhibition assays, purified p107, ⌬10N, ⌬10N-AAA, N385, or p21 was preincubated at room temperature for 30 min in kinase buffer (50 mM HEPES [pH 7], 10 mM MgCl 2 , 5 mM MnCl 2 , 1 mM DTT, 0.2 mg of bovine serum albumin per ml, 10 mM NaF, and 0.2 mM PMSF) with ϳ0.8 ng of purified cyclin A-cdk2 or cyclin E-cdk2. Where noted, 1 M ATP was used to phosphorylate p107 during the preincubation. Kinase buffer with 1 M ATP, 2.5 Ci of [␥-
32 P]ATP (3,000 Ci/mmol), and 100 ng of the indicated substrate (or 1.25 g in the case of histone H1) was then added, and the reactions were allowed to proceed for 15 min at 37°C. For kinase assays involving peptide competition, reactions were carried out by adding the indicated peptide at 15 M during the preincubation. Phosphorylation levels were quantified with a PhosphorImager, and the data were plotted as percentages, with 100% representing the value for the reactions without any inhibitor. The values reported represent the averages and standard errors for three independent experiments.
Peptide competition assays. Peptide competition assays were carried out by incubation of 40 ng of p107 with 40 ng of cyclin A-cdk2 or cyclin E-cdk2 for 1 h at 4°C in 20 l of kinase buffer in the presence or absence of the indicated amount of peptide followed by a 1-h incubation with 500 l of 0.1 HEMGNDP and 5 l of a 50% slurry of glutathione-agarose beads. After extensive washing with 0.1 HEMGNDP, the precipitated proteins were resolved on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and visualized by Western blot analysis as follows. After electrophoresis, the gels were transferred to a polyvinylidene difluoride membrane (Millipore), and the membranes were blocked for 1 h with 5% nonfat milk in Tris-buffered saline at pH 8.0 with 0.2% Tween 20, washed, and incubated with anti-p107, anti-cyclin A, or anti-cyclin E antibodies. The blots were then washed and developed by using an enhanced chemiluminescence detection system (NEN). p107 and pRB binding assays. Phosphorylation-binding experiments were carried out by incubation of 100 ng of p107 or 100 ng of pRB with 40 ng of cyclin A-cdk2 and 2.5 Ci of [␥- VOL. 18, 1998 TWO CYCLIN-BINDING DOMAINS IN p107 5381
on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ beads were resuspended in loading dye, boiled, loaded on an SDS-10% polyacrylamide gel, and visualized by autoradiography. Coprecipitation of cyclin A by p107 or ⌬10N was carried out by incubating 50 ng of thrombin-cleaved GSTcyclin A or GST-cyclin E (thrombin was used to remove the GST moiety) with 100 ng of p107, N385, ⌬10N, or ⌬10N-AAA for 1 h at 4°C. Complexes were collected either by GST precipitation as described above or, in the case of p107 and N385, with 5 l of E7 beads substituted for the GST beads.
Immunoprecipitations and deoxycholate release. Extracts were generally made by cell lysis on ice for 30 min in E1A lysis buffer (50 mM HEPES [pH 7], 5 mM EDTA, 250 mM NaCl, 0.1% NP-40, 1 mM DTT, 0.2 mM PMSF, 2 g of aprotinin per ml, 2 g of leupeptin per ml, 10 mM NaF, and 50 mM ␤-glycerophosphate). For the analysis of p107 and p130 expression and cyclin association, approximately 25 to 200 g of total protein was immunoprecipitated. Release of E2F associated with p107 by deoxycholate treatment and E2F gel mobility shift assays have been described previously (42) .
The tetracycline-repressible p107 cell line (44) (a gift of L. Zhu and E. Harlow) was grown in Dulbecco modified Eagle medium containing 10% fetal calf serum, 500 g of G418 per ml, and 1 g of tetracycline per ml. After the cells were grown to 70% confluence, p107 was induced by removal of tetracycline. The cells were grown for 48 h after removal of tetracycline, and extracts of these cells were compared with those obtained from cells that were grown in the presence of tetracycline. The extracts were made in E1A lysis buffer as described above, and 300 g of total protein was used for the immunoprecipitation with anti-cdk2 antibody as described above. Immunoprecipitates were incubated in kinase reactions as described above.
RESULTS p107 and p130 are physiological inhibitors of cdk2 activity.
To test directly the notion that p107 is a physiological inhibitor of cdk2, we induced small increases in p107 expression in human Saos-2 osteosarcoma cells. In these cells, expression of p107 is controlled in a tetracycline-repressible manner (18, 44) (Fig. 1A) . Here, removal of tetracycline led to a modest increase in p107 levels with a concomitant significant decrease in cdk2 kinase activity ( Fig. 1B and C ). These differences could not be ascribed to changes in the amounts of cyclin A, cyclin E, or cdk2 protein, since their levels were not altered upon induction of p107 (data not shown). Thus, we conclude that p107 is an inhibitor of cdk2 in vivo.
In further experiments, when we immunoprecipitated cdk2 from lysates derived from wild-type, p107
Ϫ/Ϫ , and p107
Ϫ/Ϫ mouse embryo fibroblasts (MEFs) (6, 24, 28) , we noticed that cdk2-associated histone H1 kinase activity was elevated in either mutant cell type relative to that in wild-type cells. We reproducibly observed a 2-fold increase in kinase activity in p107 Ϫ/Ϫ cells and a 2-to 2.5-fold increase in p107
Ϫ/Ϫ cells (data not shown). While these differences are modest, they are in keeping with the fact that the mutant cells have retained a host of biochemically redundant CKIs, namely, p21/WAF1, p27, and p57.
Unphosphorylated p107 and phosphorylated p107 inhibit cdks with an apparent K i similar to that of p21/WAF1. Previously we had shown that stoichiometric cyclin-cdk2 complexes containing either p107 or p130 exhibited greatly diminished kinase activity toward an exogenous substrate, histone H1, relative to free kinase complexes (41) . However, given that both pRB-related proteins bound tightly to cyclin A-cdk2 and cyclin E-cdk2 and were potent substrates of these kinases, we were unable to distinguish between two potential mechanisms for kinase inhibition. In one scenario, p107 and p130 could inhibit each kinase in a manner similar to that of the p21-p27-p57 family of CKIs. Alternatively, p107 and p130 could act as preferred substrates to inhibit phosphorylation of exogenous substrates by simple substrate competition. Although the experiments described above render this latter possibility unlikely, we designed experiments using highly purified recombinant proteins ( Fig. 2A) to test each possibility.
First, we compared the apparent inhibition constants (K i s) for cyclin A-cdk2 and cyclin E-cdk2 by using p107 and p21/ WAF1, a known CKI. We performed histone H1 kinase assays in which we titrated increasing amounts of each inhibitor into the reaction mixtures. Remarkably, p107 and p21 exhibited similar apparent K i s for inhibition of cyclin A-cdk2, and we calculated K i s of 1.3 and 0.9 nM for p107 and p21, respectively ( Fig. 2B to D) . This estimate for the inhibitory constant for p21 is in agreement with ones made previously (0.5 nM [21] ). However, p107 and p21 were markedly less potent as inhibitors of cyclin E-cdk2 ( Fig. 2E and F) . Moreover, p107 and p21 differentially inhibited cyclin E-cdk2, with K i s of 3.3 and 13.6 nM, respectively. This estimate for inhibition of cyclin E-cdk2 by p21 differs somewhat from the previously calculated value (3.7 nM [21] ), perhaps due to differences in reaction conditions. We have also noted that purified, recombinant cyclin D-cdk4 robustly phosphorylates p107, consistent with a previous report (2) , but cyclin D-cdk4 kinase activity is not significantly affected by amounts of p107 that abolish cyclin A-cdk2 activity (data not shown), suggesting that kinase inhibition by p107 is specific for cdk2-associated kinases.
As expected, p107 was phosphorylated during the course of the kinase reaction. In principle, then, enhanced p107 phosphorylation could account for the decreased phosphorylation of histone H1. To rule out this possibility, we determined whether phosphorylated p107 was equally capable of inhibiting the phosphorylation of histone H1 by cyclin A-cdk2. Here, p107 was phosphorylated with unlabeled ATP and subsequently incubated with labeled ATP and substrate. In this experiment, further phosphorylation of p107 was not apparent, attesting to the fact that prephosphorylation of p107 approached completion (data not shown). Interestingly, phosphorylated p107 had a K i similar to that of unphosphorylated p107 and p21 (Fig. 2B to D) . The results of this experiment (and those presented below) argue further against a substrate competition model for kinase inhibition by p107 and instead support the idea that p107 is a direct and potent inhibitor of cyclin-cdk2 complexes. Since phosphorylated p107 retained the ability to inhibit cyclin A-cdk2, we determined whether the phosphorylated protein would be capable of stable binding to the kinase. Both forms of p107 bound cyclin A-cdk2 to similar extents (see Fig. 4A and B), in agreement with their comparable K i values.
p107 inhibits phosphorylation of several cyclin A-cdk2 substrates. Earlier experiments did not address the possibility that p107 could preferentially inhibit the phosphorylation of some substrates but not others, in effect redirecting substrate usage by cdks. We reasoned that if p107 was truly an inhibitor of cyclin-cdk2 complexes, phosphorylation of all substrates should be diminished in the presence of this protein. We therefore tested the phosphorylation of several known cyclin A-cdk2 substrates. Only a handful of substrates have been identified thus far, and these include pRB, E2F-1 and its heterodimeric VOL. 18, 1998 TWO CYCLIN-BINDING DOMAINS IN p107 5383
partner DP-1, and p53 (reviewed in reference 12). When equivalent amounts of these proteins (as judged by silver staining) were added to kinase reaction mixtures, phosphorylation of each substrate was considerably reduced, and in every case, the level of inhibition was also comparable (Fig. 3) . pRB does not inhibit cyclin A-cdk2. The p107 protein displays significant similarity with pRB, particularly in the carboxy-terminal half of the protein. To determine whether pRB was likewise able to inhibit cyclin A-cdk2, we performed comparisons between pRB and p107 under identical assay conditions. Although pRB is phosphorylated by the kinase to the same degree as p107, unlike p107, it cannot stably bind cyclin A-cdk2 after phosphorylation (Fig. 4B) . More importantly, when we titrated equal amounts of p107 and pRB into kinase reaction mixtures (Fig. 4C) containing cyclin A-cdk2, we noted a striking difference in histone H1 phosphorylation. Here, p107, but not pRB, was able to inhibit cyclin A-cdk2. In further titration experiments ( Fig. 4D and E) , even a fivefold excess of pRB (relative to an amount of p107 that produced complete inhibition) did not significantly inhibit this kinase (80% of histone H1 kinase activity was retained). pRB was nevertheless heavily phosphorylated in these experiments (Fig. 4D) . We conclude that pRB is a potent substrate for, but not an inhibitor of, cyclin A-cdk2.
An amino-terminal domain of p107 inhibits cdks. In earlier work, we had demonstrated that p107 required an aminoterminal domain to inhibit associated cyclin-cdk2 complexes completely (41) . Consistent with this observation, when we titrated a purified carboxy-terminal fragment of p107 lacking 385 amino-terminal residues (termed N385) into kinase reaction mixtures, phosphorylation of histone H1 was not significantly altered, although the N385 protein was an excellent substrate (Fig. 4C, compare lanes 1 to 5) . Notably, when equal amounts of protein were compared, N385 was phosphorylated to a greater extent than full-length p107 (data not shown and see Fig. 10E ), confirming the idea that an inhibitory domain had been removed.
Since our experiments had identified a region in the aminoterminal one-third of p107 important for kinase inhibition, we examined the ability of a purified amino-terminal fragment to inhibit both cyclin A-cdk2 and cyclin E-cdk2. Figure 5A shows a representation of several p107 proteins that were tested. Interestingly, the GST-tagged amino-terminal fragment (called ⌬10N) was a potent inhibitor of both kinases, although complete inhibition required a fivefold molar excess relative to full-length p107 (Fig. 5B) . As a control, we could show that excessive (10-fold-larger) amounts of purified GST protein lacking additional residues had no effect on kinase reactions (data not shown). In contrast with the N385 protein, ⌬10N is not significantly phosphorylated (data not shown and see Fig.  10E ). Thus, we have identified both a carboxy-terminal region in p107 (N385) that is a potent substrate of cdks but which does not inhibit kinase activity and an amino-terminal fragment that is independently able to inhibit cyclin A-cdk2.
The amino-terminal region of p107 is critical for growth suppression of C33A cells. Previous studies had indicated that residues within the first 110 amino acids of p107 were important for growth suppression and complete inhibition of associated kinases (41) . These data and those described above led us to examine this region of p107 and p130 in greater detail to delineate the location of a region potentially important for both cyclin binding and growth suppression. In parallel studies, we tested the effects of deletions and point mutations on cyclin binding and kinase inhibition.
Recent biochemical and structural studies have identified a novel motif that confers tight binding to cyclins (Fig. 6A ). This LFG motif is critical for interactions with several families of proteins, including the p21-p27-p57 group of CKIs, E2Fs, and the spacer regions of p107 and p130 (1, 5, 31, 33, 43) . Interestingly, a second region with limited homology to the LFG motif was identified near the amino terminus of p107 and spanned residues 66 to 69 (Fig. 6A) . Although this region of the protein is not highly conserved in pRB, it is strongly conserved in p130 and the Drosophila pRB-related factor, RBF (11, 19, 30, 45) .
To begin examining the relevance of this region to cyclin binding, we took advantage of a growth suppression assay in which C33A human cervical carcinoma cells were cotransfected with various p107 test plasmids and a plasmid expressing the CD20 cell surface marker (45) . CD20-positive cells were scored for cell cycle distribution by flow cytometry. To define a region important for growth suppression, we initially produced p107 deletions that removed 10, 24, 38, 76, and 110 aminoterminal residues, as well as an internal deletion of residues 68 to 132 (p107⌬SA) (Fig. 6B) . Although we succeeded in expressing three deletions, p107⌬10, p107⌬110, and N385, we were unable to express many of these proteins at levels equivalent to that of full-length p107 owing to their instability in cells (data not shown).
As expected, expression of p107 provoked a potent G 1 arrest, as evidenced by a large increase in this population, while the mutants truncated by 110 and 385 amino-terminal residues had little effect on cell cycle progression ( Fig. 6B and C) . On the other hand, p107⌬10 was nearly as potent a growth suppressor as the wild-type protein. This suggested that the region of interest is located between residues 10 and 110. Furthermore, since the protein encoded by p107⌬SA was unable to prevent cell proliferation, residues between 68 and 110 were clearly important for growth suppression. We also transfected a p107 construct termed L19 that lacks an E2F-binding domain but which retains the ability to suppress cell growth (Fig. 6A ) (42) . Starting with L19, we derived additional, stable aminoterminal deletion mutants of L19 that behaved in a manner similar to that of the corresponding mutants able to bind E2F described above (Fig. 6C) .
To rule out the possibility that the effects described above were specific to C33A cells, we also transfected the human osteosarcoma cell line Saos-2 with L19 and mutant derivatives thereof. Use of the p107 L19 mutant bypasses growth suppres- sion through E2F that occurs in this, but not the C33A, cell line (42) . As shown in Fig. 6D , mutation of a putative aminoterminal domain dramatically compromised the growth-suppressive properties of p107 to an extent similar to that seen with C33A cells. Identification of a second region in p107 important for cyclin binding. Having identified a functionally important region between residues 10 and 110 that contains sequence similarity to other cyclin interaction sites, we made several additional deletions that specifically target this region of p107. Significantly, one p107 mutant, p107⌬SA, has two residues (arginine and lysine) of the putative amino-terminal cyclin-binding motif deleted and is unable to suppress growth of C33A cells (Fig.  6A and C) . To confirm the idea that this region was critical for growth suppression, we generated clustered point mutations in p107 that converted the cysteine, arginine, and lysine residues to alanines (mutant p107AAA). Although expressed at levels equivalent to that of the wild-type protein, this mutant was unable to suppress growth of C33A cells (Fig. 6C) . Likewise, the corresponding L19 mutant (L19AAA) was completely impaired in its ability to arrest both C33A and Saos-2 cells (Fig.  6C and 6D ).
Next, we tested the ability of each p107 mutant to bind endogenous cyclins after expression in C33A or Saos-2 cells. As shown in Fig. 7 , antibodies recognizing either p107 or an influenza virus HA tag on L19, or the ⌬10 derivative of each, coprecipitated abundant amounts of cyclin A, cyclin E, and cdk2 (lanes 1, 3, 7, 10, and 13). In marked contrast, each of the larger amino-terminal deletions and the p107⌬SA deletion completely eliminated cyclin binding. Notably, the p107AAA and L19AAA mutants no longer associated with either cyclin (lanes 8 and 11) . Thus, there was a direct correlation between the abilities of p107 to bind cyclins and suppress cell growth. Immunoblotting of identical samples of cell extracts indicated that the overall levels of cyclins A and E had not been altered by overexpression of p107 derivatives (data not shown). Al- though the deletion of 38 amino-terminal residues unexpectedly abrogated both cyclin binding and growth suppression (Fig. 6C and D and 7) , we surmise that this indirectly results from the proximity of the deletion to the cyclin-binding region, which could destabilize its ability to bind cyclins. Alternatively, additional residues amino terminal to the putative cyclin-binding region could be important in stabilizing the association between cyclins and p107.
p130 mutants lacking the putative cyclin-binding domain are partially compromised in their growth-suppressive activity. We also tested the effect of mutations of the ACRK region of p130 on growth suppression by using assays identical to those described for p107. Using sequence alignments, we produced deletion mutants of p130 that were similar to those generated for p107. These deletions removed 16, 66, and 138 amino-terminal residues and have deletion endpoints that correspond to the p107 ⌬10, ⌬38, and ⌬110 mutants (Fig. 8A) . In addition, we constructed clustered point mutations of the ACRK region of p130, converting the cysteine and arginine residues to alanines (p130AA mutant) or converting all three residues to alanine (p130AAA, which corresponds to the p107AAA mutant). We observed comparable levels of expression of p130 and each of the p130AA and p130AAA mutants and robust expression of the deletion derivatives (Fig. 8B) . Each of these proteins was then immunoprecipitated from C33A cells after transfection, and coprecipitation of cyclin E and cyclin A was tested by immunoblotting. The pattern of cyclin association with each of the mutants recapitulated that seen with the corresponding p107 mutant (Fig. 7) . Significantly, mutation of either the cysteine and arginine or all three residues resulted in a level of cyclin binding comparable to that of the negative control lacking exogenous p130 expression (Fig. 8B, compare lanes 1, 3, and 4) .
Intriguingly, although the p130AA and p130AAA mutants had apparently lost the ability to bind cyclins in vivo and appeared to have reduced growth-suppressive activity, the extent of this defect differed from that of the corresponding p107AAA mutant (compare Fig. 8C with 6C) . While the basis for this residual inhibitory activity is presently unknown, it is possible that the growth-suppressive properties of p130 could arise in part from additional mechanisms not utilized by p107.
Taking these observations and our observations on p107 together, we conclude that p107 and p130 require two binding sites for potent in vivo interactions with cyclins and growth suppression activity.
The mutant p107 and p130 proteins retain E2F-binding activity. Given the rather severe effects on cyclin binding caused by deleting the amino-terminal domains of p107 and p130, it was important to determine whether the mutations globally disrupted the structures of these proteins. Since both of these proteins are able to bind cellular E2F, we relied on an assay in which endogenous E2F activity associated with p107 or p130 is released by the detergent deoxycholate. E2F released by this treatment can be assayed for DNA-binding activity by using a gel mobility shift assay with a labeled oligonucleotide containing an E2F-binding site. Each of the amino-terminal mutants retained the ability to bind E2F (data not shown), suggesting that the loss of cyclin binding was not due to simple protein unfolding.
Mutations in the amino-terminal cyclin-binding domain abrogate kinase inhibition. Having determined that the aminoterminal region of p107 was important for growth suppression and cyclin binding in transfection experiments, we then tested the role of the amino-terminal cyclin-binding site in cyclincdk2 binding and inhibition in vitro. First, we tested the ability of the ⌬10N protein to bind cyclin A and cyclin E. Purified cyclins interacted with both full-length p107 and ⌬10N, although binding of ⌬10N to both cyclins, especially cyclin E, was significantly reduced (Fig. 9A) . In addition, the N385 protein (which contains the spacer region), like ⌬10N, was able to bind both cyclins, although it did so with lower efficiency than the full-length protein (Fig. 9A and B) . Notably, however, only the amino-terminal ⌬10N fragment was capable of inhibiting cdks. We conclude that p107 utilizes a second region near the amino terminus, in addition to the LFG domain residing in the spacer region, to bind and inhibit cyclin-cdk2 complexes.
We also constructed, purified, and tested a GST-tagged amino-terminal fragment identical to ⌬10N (described above) in which the three alanine mutations present in p107AAA have replaced the wild-type residues. We titrated equal amounts of this protein, termed ⌬10N-AAA, and ⌬10N into kinase reaction mixtures containing cyclin A-cdk2. ⌬10N and full-length p107 were potent inhibitors, as expected, while the mutant version of ⌬10N failed to inhibit kinase activity (Fig. 9C, compare lanes 3 to 8) . Moreover, relative to that with ⌬10N, introduction of the triple alanine mutation severely impaired binding to both cyclin A and cyclin E (Fig. 9A and B) .
Peptides spanning several cyclin-binding domains specifically compete p107 binding to cyclin-cdk2 and reverse inhibition of kinases by p107. As a final in vitro test of the specificity of interactions between cyclins and the amino-terminal cyclinbinding domain of p107, we performed competition experiments using peptides spanning the regions depicted in Fig. 6A as well as a peptide corresponding to the triple alanine point mutant of p107. Thus, peptides corresponding to the cyclinbinding motifs in the amino-terminal region of p107 (termed p107N) and the spacer region (termed p107S) were synthesized. In addition, a mutated peptide corresponding to p107N (p107N-mut) in which the cysteine, arginine, and lysine residues were converted to alanines was synthesized. First, we determined whether coincubation of each peptide with p107 and cyclin A-cdk2 could effectively compete p107-kinase interactions. Figure 10 shows that peptide p107S effectively competed the binding of p107 to cyclin A-cdk2. Importantly, peptide p107N was also capable of competing this interaction, albeit more weakly, and the p107N-mut peptide was completely without effect at the highest concentration tested. As a control, we showed that the peptides did not interfere with retention of the cyclin A-cdk2 complex (lower panels in Fig. 10A to C) . Experiments performed in parallel with cyclin E-cdk2 indicated that both the p107N and p107S peptides could compete the binding of this complex to p107, although each one was somewhat less effective at competing with p107 binding to this complex relative to the case for cyclin A-cdk2 (data not shown).
A similar profile was obtained when we titrated each of these peptides into kinase reaction mixtures in which cyclin A-cdk2 was inhibited by p107 (Fig. 10E) . Both p107N and p107S were able to alleviate p107-mediated kinase inhibition (compare lanes 5 to 7). In contrast, the p107N-mut peptide did not alter inhibition by p107 at the highest concentration tested, nor did any of the peptides influence histone H1 kinase activity in the absence of p107 (Fig. 10E, lanes 1 to 4 and 8) . Furthermore, we could show that peptides p107N and p107S, but not p107N-mut, could partially reverse kinase inhibition by the purified ⌬10N fragment (lanes 8 to 12). As expected, the peptides had no effect on the activity of N385, which did not inhibit kinase activity (lanes 13 to 16) . From these data, we conclude that the amino-terminal ACRK sequence found in p107 is important for mediating cyclin binding and kinase inhibition. DISCUSSION p107 was originally described as a pRB-related component of complexes that contained not only E2F but stoichiometric amounts of cyclin A-cdk2 and cyclin E-cdk2 as well (3, 15, 16, 37) , and subsequent experiments suggested that p107 was a tightly binding substrate of these kinases. Our observations suggest that p107 not only is able to bind both kinases but also is capable of inhibiting the complexes to the same degree as most characterized CKIs (21) . The inhibitory potential of p107 is not significantly affected by phosphorylation by the cyclincdk2 complex, not unlike certain CKIs, such as p27/Kip1, which are themselves phosphorylated during the process of inactivating these kinase complexes (35) .
Furthermore, if p107 is a true kinase inhibitor, it should prevent the phosphorylation of known substrates. Indeed, this is the case. p107 can prevent the phosphorylation of several known cyclin A-cdk2 substrates, including pRB, E2F-1, DP-1, p53, and its own carboxy-terminal region, which contains most of the phosphorylation sites on p107, suggesting that p107 is capable of inhibiting the associated kinase rather than altering its substrate specificity, as suggested previously (22) . In the previous study (22) , it was shown that immunoprecipitates of p107 and p130 from cell extracts contained cyclin-cdk2 but showed little histone H1 kinase activity. However, the same immunoprecipitates nevertheless retained the ability to phosphorylate GST-pRB family protein fusions. Although the basis for this difference is currently unknown, it is important to note that our work has dealt with complexes reconstituted with highly purified proteins, while the work of Hauser et al. (22) has relied on immunoprecipitates of endogenous proteins, and the possibility that a contaminating kinase(s) activity was coprecipitated was not excluded.
Our results therefore suggest an important functional distinction between different members of the pRB family of proteins. All members of this family are thought to restrain cell growth as a consequence of transcriptional repression of E2F activity, and each is an excellent substrate for cyclin-cdk2 complexes. However, our work has distinguished at least two differences between pRB and p107 or p130. First, although pRB shows sequence similarity to p107 and p130, especially in the well-defined carboxy-terminal region (termed the pocket domain), it displays little similarity to these proteins in the aminoterminal region. In agreement with our identification of an amino-terminal region of p107 involved in kinase inhibition, we have shown here that pRB does not inhibit cyclin A-cdk2. Second, whereas pRB is not stably bound to this kinase before (10) or after (Fig. 4) phosphorylation, p107 remains bound to the kinase and inhibits its activity toward other substrates. Taken together, these experiments could provide an explanation for how pRB might function as a kinase substrate, while p107 and p130, with dedicated cyclin-binding domains, could function as specific inhibitors.
We have defined a second region of p107 and p130, spanning residues 67 to 69, that is required for efficient cyclin binding in addition to the LFG motif in the spacer region (43) , and mutation of these amino acids results in the loss of inhibitory potential of the p107 amino-terminal domain. Furthermore, these p107 mutants were no longer bound by either cyclin-cdk2 complex in vivo, implying that binding of this portion of the molecule is important for both kinase and growth inhibition. Moreover, we showed that peptides corresponding to aminoand carboxy-terminal cyclin-binding sequences, but not a mutant version thereof, could specifically compete for the binding of cyclin A-cdk2 and cyclin E-cdk2 to p107 as well as restore histone H1 kinase activity inhibited by p107. p107 displays an inhibitory spectrum similar to that of p21 and p27 with regard to the level of inhibition of cyclin A-and cyclin E-cdk2, although p107 may be more restricted than p21 and p27 in its specificity, since p107 does not appreciably inhibit cyclin D-cdk4 (data not shown). Interestingly, in our experiments, p107 inhibits cyclin E-cdk2 with a sixfold lower K i than p21, suggesting that p107 may in some situations be a physiologically relevant inhibitor of cyclin E-cdk2. In addition to the ability to inhibit both cyclin A-and cyclin E-associated kinases, p107 and the CKI p21/WAF1 share another property, namely, the presence of dual cyclin-binding sites in their amino-and carboxy-terminal regions. It had been shown previously that p21/WAF1 utilizes two cyclin-binding domains, an amino-terminal one with an LFG motif known to be of critical importance in the binding of cyclin A to p27 (4, 17, 31, 33) and a second, related sequence near the carboxy terminus (Fig. 6A ) (5) .
Why is it necessary for p21 and p107 to engage cyclin-cdk2 complexes by using two binding sites? While we have not addressed the molecular architecture of cyclin-p107 or cyclinp21 interactions here, we speculate that both cyclin-binding sites are essential for high-affinity interactions and potent inhibition. Indeed, although we could demonstrate detectable interactions between either binding site alone and cyclins in vitro, binding to full-length p107 was noticeably more efficient in vitro and in vivo, and both p107 binding sites were required in vivo to achieve efficient binding of cyclins and growth inhibition of C33A cells.
Although we have determined the existence of two cyclinbinding sites in p107, our studies point to a unique role for the amino-terminal region in kinase inhibition and growth suppression. The amino-terminal region of p107 is solely able to inhibit cyclin-cdk2 complexes in vitro, while equal or excessive amounts of the carboxy-terminal portion are unable to do so, although this portion is an efficient substrate for these kinases. A more detailed understanding of how these two regions of p107 differentially interact with cyclin-cdk2 will require a structural analysis of ternary p107-cyclin-cdk2 complexes.
It is intriguing to speculate that p107 and p130 may share overlapping functions as a CKI in the cell. p130 may share several properties of p107 both as an inhibitor and as a transcriptional regulator of E2F activity, as illustrated by numerous biochemical studies of these proteins and by recent mouse (6, 7, 23, 28, 32, 39) . In the latter studies, it was shown that mice lacking not one but both proteins suffer lethal developmental abnormalities. Moreover, MEFs deficient in p107 and p130, but not either alone, showed strongly derepressed expression of specific genes, again suggesting that the two proteins have overlapping functions (24) . Indeed, the two proteins also share a number of properties in our biochemical assays. For example, both appear to inhibit associated kinase activity (41) , and both have sequences related to the LFG motif (8, 26) . Thus, it is tempting to speculate that p130 may function in a manner analogous to p107. However, in our transfection assays, deletion of the amino-terminal cyclin-binding motif largely abolished the growth-suppressive activity of p107, while the growth arrest imposed by p130 was not altered as drastically by similar mutations (Fig. 6 and 8 ). This could suggest that p130 uses an additional mechanism(s) for restraining growth other than those used by p107. This possibility is currently under investigation. The compensatory nature of p107 and p130 function has made it virtually impossible to study the normal role of each protein in vivo, and the function of different E2F complexes with p107 or p130 and cyclin-cdk2 remains obscure. In addition to studies related to kinase inhibition by these proteins, experiments are under way to dissect the transcriptional regulatory mechanisms through which each multiprotein complex functions in order to understand the normal role of p107 and p130 in cell cycle progression.
